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Available online 18 June 2008Edited by Berend WieringaAbstract Calmodulin-like protein (CLP) is a speciﬁc light
chain of unconventional myosin-10 (Myo10) and enhances
Myo10-dependent ﬁlopodial extension. Here we show that phen-
ylalanine-795 in the third IQ domain (IQ3) of Myo10 is critical
for CLP binding. Remarkably, mutation of F795 to alanine had
little eﬀect on calmodulin binding to IQ3. Fluorescence micros-
copy and time-lapse video microscopy showed that HeLa cells
expressing CLP and transiently transfected with GFP-Myo10-
F795A exhibited signiﬁcantly shorter ﬁlopodia and decreased
intraﬁlopodial motility compared to wildtype GFP-Myo10-
transfected cells. Thus, F795 represents a unique anchor for
CLP and is essential for CLP-mediated Myo10 function in ﬁlop-
odial extension and motility.
Structured summary:
MINT-6595901:
GST-IQ3 Myo10 (uniprotkb:Q9HD67) binds (MI:0407) to
CLP (uniprotkb:P27482) by pull down (MI:0096)
MINT-6596000:
CLP (uniprotkb:P27482) and GST-IQ3 Myo10 (uniprotkb:
Q9HD67) bind (MI:0407) by classical ﬂuorescence spectroscopy
(MI:0017)
MINT-6596013:
CaM (uniprotkb:P62158) and GST-IQ3 Myo10 (uniprotkb:
Q9HD67) bind (MI:0407) by classical ﬂuorescence spectroscopy
(MI:0017)
MINT-6595938:
GST-IQ3 Myo10 (uniprotkb:Q9HD67) binds (MI:0407) to
CaM (uniprotkb:P62158) by pull down (MI:0096)
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Intracellular Ca2+ signals are transmitted to downstream
eﬀectors by speciﬁc Ca2+ sensor proteins. Besides the con-
served Ca2+ sensor calmodulin (CaM), some cells express
CaM-related proteins that bind to unique targets or recognize
a speciﬁc subset of CaM target proteins. Human calmodulin-
like protein (CLP) is one such Ca2+ sensor protein that is
highly expressed in normal epithelia of tissues including pros-
tate, breast, and skin [1,2]. Its expression appears to be regu-
lated during diﬀerentiation of stratiﬁed epithelial layers,
implying that it plays an important role in epithelial forma-
tion/development [3]. Although identical in length (148 amino
acids) and similar in shape to CaM, CLP exhibits a lower over-
all Ca2+ aﬃnity (Kd  10 lM) [4], and diﬀers in the putative
target-interacting surfaces of the two lobes [5]. We have previ-
ously shown that CLP is a light chain for the unconventional
myosin-10 (Myo10) and binds speciﬁcally and with high aﬃn-
ity to its third IQ motif (IQ3) [6]. Recent studies have shown
that expression of CLP leads to an up-regulation of Myo10
and enhances Myo10-dependent ﬁlopodial extension as well
as increases cell motility in wound-healing assays [7].
IQ motifs are common to unconventional myosins and typi-
cally bind CaM and CaM-like proteins as light chains [8]. In
general, the binding of CaM light chains is thought to stiﬀen
the neck region of the heavy chain and thereby lengthen the
step size of the myosin on actin [9]. Light chain binding may
also keep the heavy chain from adopting a conformation that
is auto-inhibitory and thus activates the motor [10]. Myo10
contains three tandem IQ motifs in its neck region [11]. The
amino acid sequences of IQ1 and IQ2 conform well to the con-
sensus of [I,L,V]QxxxRGxxx[R,K], which forms an amphi-
philic alpha-helix capable of binding CaM in a Ca2+-
independent manner [12]. IQ3, on the other hand, has the
slightly diﬀerent sequence FQKQLRGQIAR where Phe (a
hydrophobic residue with an aromatic side chain) replaces the
canonical Ile/Leu/Val at position 1. However, the importance
of this Phe residue for light chain binding and Myo10 function
is not known. Here we used ﬂuorescence-labeled CLP and CaM
to analyze light chain binding to IQ3.We show that the Phe res-
idue is crucial for binding of CLP to IQ3. Moreover, mutation
of this residue to alanine abolishes CLP-dependent Myo10-
mediated ﬁlopodial extension and dynamics. The results reveal
a striking diﬀerence between CLP and CaM in their interaction
with the IQ3 motif and suggest the Phe-residue in IQ3 has been
selected to allow speciﬁc recognition by the CLP light chain.blished by Elsevier B.V. All rights reserved.
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2.1. Plasmid constructions
pEGFP-Myo10 has been described [7]. GST-IQ3 was made by gen-
erating a PCR fragment of bases 2569–2675 of human Myo10 cDNA
(GenBanktrade Accession No. AF234532) using primers MYO10-
2569F, 5 0-GGATCCAGGAGATTTTTGCACCTG-3 0 and MYO10-
2675R, 5 0-GAATTCCTTGCTCCCTTTTCTC-30. After subcloning
into the TA-TOPO vector (Invitrogen), the fragment was excised
and ligated into EcoRI/BamHI-linearized pGEX-2TK (Amersham).
A Phe to Ala mutation was introduced in IQ3 of GFP-Myo10 and
GST-IQ3 by site-directed mutagenesis using the Quikchange-XL Kit
(Stratagene). To create CaM-expression vector pcDNA4/TO-CaM,
the CaM open reading frame was ﬁrst PCR-ampliﬁed using primers
CaM-for: 5 0-AAGCTTATGGCTGACCAG-3 0 and CaM-rev: 5 0-
CTCGAGGCCTTCACTTTGC-3 0. The resulting fragment was TA-
cloned, excised by HindIII/XhoI digestion and ligated into HindIII/
XhoI-digested pcDNA4/TO (Invitrogen). All constructs were veriﬁed
by nucleotide sequencing in the Mayo Genomics Core.
2.2. Cell cultures and transfections
The stably transfected CLP-expressing HeLa cell clones have been
described [7]. All cell lines were cultured as described [7] at 37 C in
a humidiﬁed atmosphere containing 5% CO2. For ﬂuorescence micros-
copy, cells were grown on ﬁbronectin-coated glass cover slips in 12-
well plates (Costar). Conﬂuent cells (50–70%) were transfected with
5 lg of plasmid DNA per 6-cm well using Lipofectamine 2000 (Invit-
rogen) following the manufacturers protocols. Cells were stained with
rhodamine-phalloidin and 4 0,6 0-diamidino-2-phenylindole (DAPI) and
visualized by confocal microscopy as described [7].
2.3. Cell lysates and western blotting
Cell extracts were prepared as described [7] and protein concentra-
tions measured using the BCA assay (Pierce). Proteins were separated
on denaturing Bis–Tris 4–12% Nu-PAGE gradient gels according to
the recommendations of the supplier (Invitrogen). Western blotting
was performed as described [7] using the following antibodies: anti-
CLP [2] at 0.2 lg/ml, anti-CaM (Upstate) at 1:3000, and anti-GFP
(Clontech) at 1:2000. In addition, some blots were re-probed with
anti-GAPDH (RDI, 1:3000) to ensure equal protein loading. Second-
ary antibodies for Western blotting were from Santa Cruz.Fig. 1. CLP binding to Myo10 IQ3 is sensitive to the F795A mutation.
(A) Amino acid sequence of the Myo10 fragment (residues 783–818)2.4. GST fusion protein pull-downs
GST fusion proteins were produced in Escherichia coli BL21-Gold
cells (Stratagene) and prepared following the manufacturers protocols
for batch/column puriﬁcation using glutathione-agarose. Fusion pro-
teins were eluted from the glutathione-agarose with 10 mM glutathione
in 50 mM Tris–HCl pH 8 and dialyzed against D-PBS. Puriﬁed GST-
IQ3 and GST-IQ3F > A (40 lg) were incubated with CLP or CaM
(20 lg) in the presence of 10 lM Ca2+ or 5 mM EDTA in 40 ll total
volumes in D-PBS for 30 min at room temperature, and then mixed
with 25 ll bed-volumes of glutathione-agarose. Binding reactions were
incubated at 4 C with gentle agitation for 30 min. Beads were pelleted
at 500 · g for 5 min and washed 3· with 700 ll of 10 lMCaCl2/D-PBS
or 5 mM EDTA/D-PBS. 10 ll of Nu-PAGE loading buﬀer was added
and samples were heated at 70 C for 5 min and immediately separated
on a 4-12% Bis–Tris Nu-PAGE gel. The gel was stained with Coomas-
sie brilliant blue (BioRad), destained in 50% methanol/10% acetic acid
and dried in a standard gel dryer.included in theGST-IQ3 fusion proteins. The IQ3motif is bracketed and
the F795A mutation is highlighted (arrow). (B) Coomassie blue-stained
gels of pull down experiments using puriﬁed GST-IQ3 (IQ3), GST-
IQ3F > A (IQ3F-A) orGSTalone (control) andpuriﬁedCLPorCaM in
the presence of 10 lMCa2+ or 5 mM EDTA as indicated on top of the
gels. The position of the GST-IQ3 fusion proteins, GST, CLP and CaM
is indicated on the left. (C) Binding of GST-IQ3 and GST-IQ3F > A to
TA-CLP (left panel) and TA-CaM (right panel) in the presence of 100
lMCa2+ as determined by the change in TA ﬂuorescence. Fluorescence
is plotted as a function of increasing amounts of added GST-IQ3 or
GST-IQ3F > A, and expressed as % of TA-CLP or TA-CaM ﬂuores-
cence in the absence of IQ3 fusion protein. The solid lines are
experimental ﬁts to the data. Note that binding of GST-IQ3 to TA-2.5. Binding of TA-CaM/TA-CLP to GST-IQ3/IQ3F > A
TA-CaM and TA-CLP were generously provided by Dr. Katalin To¨r-
o¨k (St. Lukes Children Hospital, London, UK) and were synthesized as
previously outlined [13]. Equilibrium binding of GST-IQ3 and GST-
IQ3F > A to TA-CaM and TA-CLP was measured at 25 C in a Varian
Cary Eclipse spectroﬂuorometer by following the ﬂuorescence change
of TA-CaM/TA-CLP upon addition of varying amounts of GST-IQ3 fu-
sion proteins. Excitation and emissionwavelengthswere 370 and420 nm,
respectively. Measurements were made in media containing 120 mM
KCl, 30 mM Tes-Triethanolamine (pH 7.2), 5 mM MgCl2, 5 mM
NaN3, 0.2 mM EGTA and enough CaCl2 to obtain 100 lM free Ca
2+.Ca2+ (100 lM)was chosen to ensure that bothCaMandCLPexistedonly
in their fully Ca2+ saturated form, i.e., as (Ca2+)4-CaMand (Ca
2+)4-CLP.
TA-CaM and TA-CLP were used at a concentration of 34 nM.
2.6. Filopodia measurements
Filopodia were visualized under epiﬂuorescence illumination on low-
density cultures of ﬁxed cells expressing GFP-Myo10 or GFP-Myo10-
F795A and plated on ﬁbronectin-coated coverslips. Cells were stained
for F-actin using Texas-red phalloidin (Invitrogen). Coverslips were
mounted on glass slides and visualized with a Nikon epiﬂuorescence
microscope. Pictures were taken with a side-port mounted CCD camera
(Cooke Corporation) and manipulated using IP-image and Photoshop
software. To calculate the average ﬁlopodial length, the distance from
the cell base to the tip was determined for all ﬁlopodia (>2 lm) of at least
10 separate cells in each sample (a total of at least 200 ﬁlopodiawere ana-
lyzed per sample), and the average calculated per ﬁlopodium ± S.E.
2.7. Time-lapse video microscopy (online Supplementary data)
HeLa cells expressing CLP (clone 12) were plated on ﬁbronectin-
coated 35 mm glass bottom dishes at low density. Twenty-four hours
later the cells were transfected with either wild-type or mutant GFP-
Myo10 with or without TO-CaM co-transfection. Twenty-four hours
later cells were visualized under epiﬂuorescence illumination using an
inverted Nikon microscope with a side-port-mounted Sensi-cam QE
CCD camera (Cooke corporation) and a computer-controlled ﬁlter-
wheel with shutter (Sutter instruments). Stage temperature was main-
tained at approximately 37 C with an air stream stage incubator (Nev-
tek). Time-lapse micrographs were taken every 5 s using a 60Xplan
apochromate objective with immersion oil (Zeiss) and captured using
IPlab software and exported to video at 5 frames/s. At least 15 inde-
pendent ﬁelds were captured per transfection type.CLP results in decreased ﬂuorescence whereas binding to TA-CaM
increases ﬂuorescence, suggesting diﬀerent binding modes.
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3.1. Mutation of phenylalanine-795 to alanine blocks CLP
binding to IQ3 of Myo10
The IQ3 motif of Myo10 was previously identiﬁed as a spe-
ciﬁc binding site for CLP [6] but the molecular determinants
and functional consequences of this preference are not known.
Although CaM is known to bind to the IQ domains in uncon-
ventional myosins in the absence of Ca2+ [8,12], both CLP and
CaM require Ca2+ to bind to the isolated IQ3 motif of Myo10
[6]. In CaM/IQ domain interactions, the C-terminal lobe of
CaM typically binds to the N-terminal part of the IQ motif
in a semi-open conformation in the absence of Ca2+ [14]. In
the presence of Ca2+, CaM collapses around the hydrophobic
anchor at the N-terminus [15] and binds with both lobes wrap-
ping around the IQ motif. To test the hypothesis that Phe-795
(as a hydrophobic anchor) is critical for CLP binding, we cre-
ated a Myo10 mutant in which Phe795 was changed to Ala
(Fig. 1A). We used GST-tagged IQ3 and IQ3F > A fusion pro-
teins to test the binding of CLP and CaM in the presence or
absence of Ca2+. As expected, both CLP and CaM bound to
GST-IQ3 in the presence, but not in the absence of Ca2+
(Fig. 1B). Remarkably, however, CLP failed to bind the
GST-IQ3F > A mutant while CaM still bound to this mutant
in the presence of Ca2+ (Fig. 1B). To test quantitatively the
interaction between CLP and IQ3F > A, we performed titra-Fig. 2. The F795A mutation of Myo10 abrogates CLP-mediated but not Ca
HeLa cells from clone TO-CLP 12.2 expressing CLP and transiently transf
(middle column), or GFP-Myo10-F795A plus CaM (right column). F-actin w
with DAPI (blue). Myo10 localization is shown in the middle row (green)
appearance of Myo10 in the tips of ﬁlopodia, the overall shorter distance betw
cells (middle column), and the ‘‘rescue’’ of longer ﬁlopodia in cells co-transftions using ﬂuorescence-labeled TA-CLP or TA-CaM and
increasing concentrations of GST-IQ3 or GST-IQ3F > A in
the presence of 100 lM Ca2+. A large excess of Ca2+ was cho-
sen for these experiments to ensure that both CaM and CLP
were present only in their fully Ca2+ saturated form, i.e., as
(Ca2+)4-CaM and (Ca
2+)4-CLP. In these assays, the ﬂuores-
cence of TA-CLP and TA-CaM changes as a sensitive indica-
tor of local conformational changes upon binding of a target
protein [13,16]. As shown in Fig. 1C (left panel), TA-CLP
bound with high aﬃnity to GST-IQ3 (Kd  5 nM), but was
unable to bind IQ3F > A, and hence no change in ﬂuorescence
was observed with increasing GST-IQ3F > A concentrations.
Conversely, TA-CaM bound equally well to GST-IQ3 and
GST-IQ3F > A (Kd  50 nM) as indicated by a marked
change in ﬂuorescence with increasing concentration of IQ3
target proteins (Fig. 1C, right panel). As expected, no change
in ﬂuorescence was seen with either TA-CLP or TA-CaM
when the IQ3 peptide (up to 1 lM) was added in the absence
of Ca2+ (not shown). Thus, while CLP has a higher aﬃnity
for IQ3 than CaM in the presence of Ca2+, its binding to
IQ3 is also uniquely dependent on the presence of the bulky
Phe residue at position 1 of the IQ motif. Interestingly, binding
of IQ3 reduced the ﬂuorescence of TA-CLP but increased the
ﬂuorescence of TA-CaM (Fig. 1C). The change in ﬂuorescence
merely serves as sensitive indicator of environmental changes
in the vicinity of the TA-label but does not permit any struc-M-mediated ﬁlopodial elongation. Fluorescence photomicrographs of
ected with wild-type GFP-Myo10 (left column), GFP-Myo10-F795A
as visualized by rhodamine-phalloidin (top row, red), nuclei are stained
and merged images are shown on the bottom. Note the punctuate
een cell periphery and ﬁlopodial tips in the Myo10-F795A-transfected
ected with Myo10-F795A and CaM (right column).
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semi-open or closed conformation or the N- or the C-lobe of
CaM/CLP. However, the opposite direction of ﬂuorescence
changes of TA-CaM and TA-CLP suggests that these two pro-
teins bind diﬀerently to IQ3. CLP diverges signiﬁcantly from
CaM in its C-terminal sequence [4] and may thus possess a
substantially altered target interaction surface. However, fu-
ture work at the atomic resolution level will be needed to un-
ravel the basis of the diﬀerence in binding of CLP and CaM to
IQ3 of Myo10.Fig. 3. Overexpression of CaM rescues ﬁlopodial elongation in
Myo10-F795A-expressing HeLa cells. (A) Average ﬁlopodial length
(+S.D.) in cells expressing wild-type (black bars) or mutant (gray bars)
GFP-Myo10 in the presence (clone 12, +CLP) or absence (clone 20,
CLP) of CLP. Co-transfection with CaM (+CaM) rescues ﬁlopodial
elongation in cells expressing mutant Myo10 and CLP. *P 6 0.05,
students t-test. (B) Western blot showing levels of wildtype (wt) and
mutant (F795A) GFP-Myo10 in cells expressing or lacking CLP (clone
TO12.2 ±doxycyline). GAPDH is shown as control for protein
loading. (C) Western blots showing relative levels of CaM expression
in cells transfected with wildtype (wt) or mutant (F795A) GFP-Myo10
and control () or TO-CaM (+) expression vector as indicated.
GAPDH is shown as control for protein loading.3.2. Mutation of Phe-795 prevents CLP/Myo10-mediated
ﬁlopodial elongation
To test if CLP interaction with IQ3 is necessary for the func-
tion of Myo10 in extending and elongating ﬁlopodia [17], we
transfected HeLa cells expressing CLP with either GFP-
Myo10-F795A or wild-type GFP-Myo10. Myo10 concentrates
in ﬁlopodial tips where it is detected as puncta in epiﬂuores-
cence light microscopy [17,18]. As illustrated in Fig. 2 (left
and center column), ﬁlopodia in cells expressing wild-type
GFP-Myo10 appeared to be longer than those in cells express-
ing the F795A mutant. Previous studies have shown that over-
expression of CLP and Myo10 leads to an increase in both
length and number of ﬁlopodia in HeLa cells [7,19]. Although
we did not attempt to quantify the number of ﬁlopodia, visual
inspection of cells such as those in Fig. 2 indicated a correla-
tion of ﬁlopodia length and number, i.e. cells with longer
ﬁlopodia generally also have more numerous ﬁlopodia. Quan-
titative evaluation of ﬁlopodial length was done as described in
Materials and Methods, and showed that CLP-expressing cells
had signiﬁcantly (P 6 0.05) longer ﬁlopodia after transfection
with wildtype than with mutant Myo10 (Fig. 3A, bars 1 and 2).
By contrast, ﬁlopodia length was comparable in cells lacking
CLP and transfected with either wild-type or mutant Myo10
(Fig. 3A, bars 3 and 4). The reduced ﬁlopodial length in
CLP-expressing cells transfected with GFP-Myo10-F795A
was not due to lower expression of mutant Myo10, as demon-
strated in Fig. 3B.
CLP expression shows little eﬀect on endogenous CaM levels
and vice versa, CaM expression does not aﬀect CLP levels. Be-
cause CaM can still bind to the IQ3F > A mutant, we reasoned
that CaM overexpression might ‘‘rescue’’ Myo10-F795A-med-
iated ﬁlopodial extension in CLP-expressing cells. To test this,
we co-transfected CLP-expressing cells with GFP-Myo10 wild-
type or F795A mutant and a CaM expression construct (TO-
CaM). Fig. 3A (bars 5 and 6) shows that CaM overexpression
(demonstrated in Fig. 3C) indeed promoted ﬁlopodia exten-
sion in CLP-expressing cells to a similar extent with Myo10-
F795A as with wild-type Myo10. This ‘‘rescue’’ of ﬁlopodial
length is also illustrated in Fig. 2 (right column). The results
in Fig. 3A further show that ﬁlopodial extension upon CaM
overexpression was comparable in CLP-expressing and CLP-
lacking cells, suggesting this reﬂects an upper limit of ﬁlopodial
extension.3.3. Mutation of Phe-795 inhibits CLP-dependent Myo10
intraﬁlopodial motility in vivo
Myo10 undergoes intraﬁlopodial motility and retrograde
ﬂow, as demonstrated by visualizing motile ﬂuorescent puncta
[19]. These ﬂuorescent puncta are seen to quickly move toward
the tips of ﬁlopodia, and return more slowly toward the cellbody [19]. We performed time-lapse ﬂuorescence microscopy
with CLP-expressing HeLa cells plated on ﬁbronectin-coated
glass bottom dishes to visualize Myo10 intraﬁlopodial motil-
ity. When transfected with wildtype or F795A GFP-Myo10
we consistently found that cells expressing mutant Myo10
had severely inhibited intraﬁlopodial motility compared to
wildtype Myo10-transfected cells (Supplemental videos A
and B). This decrease in intraﬁlopodial motility could be res-
cued by co-transfection of CaM (Supplemental video C), cor-
roborating the data on ﬁlopodia length shown in Fig. 3A.
These results demonstrate that a functional interaction be-
tween IQ3 and CLP is essential for CLP-mediated Myo10-en-
hanced motility, and that the F795 anchor residue is required
for this speciﬁc interaction.
In mammals, CaM regulates diverse cellular processes by
interacting in a Ca2+-dependent manner with over 100 diﬀerent
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aﬃnity of CaM for diﬀerent targets and the regulation of
(local) CaM levels for such target interactions [21]. The simul-
taneous activation of multiple CaM targets may often not be
desirable because this could lead to up-regulation of counter-
acting cellular pathways. Instead, CaM-like proteins may have
evolved to occupy a regulatory niche by showing higher aﬃn-
ity than ‘‘canonical’’ CaM for speciﬁc target proteins. CLP ap-
pears to be such a CaM ‘‘isoform’’ that is preferred for binding
to the IQ3 motif of Myo10. This interaction may be of rele-
vance in tissues such as the epidermis where terminal diﬀeren-
tiation is marked by a steady increase in Ca2+ as keratinocytes
progress from the basal and supra-basal layers to the granular
and spinous layer, and where up-regulation of Myo10 function
may be required for keratinocyte migration and the formation
of adhesive cell–cell contacts. In Myo10 and other unconven-
tional myosins with multiple tandem IQ motifs, a rise in
Ca2+ above a threshold of 5–10 lM leads to the dissociation
of at least one CaM molecule per myosin head and concomi-
tant inactivation of myosin function [22–26]. It is tempting
to speculate that CLP, due to its diﬀerent binding mode and
Ca2+ sensitivity, remains bound to Myo10 at elevated Ca2+
concentrations. CLP may thus extend the functional range of
Myo10 in high Ca2+ conditions such as those in the upper lay-
ers of the epidermis.
Here we show that Phe795 is essential for CLP binding to
Myo10 and for eﬃcient CLP-dependent, Myo10-mediated ﬁl-
opodia extension and intraﬁlopodial motility. It is not clear
whether the mutation aﬀects the structure of Myo10 resulting
in the protein adopting an ‘‘auto-inhibited’’ conformation that
can no longer be activated when the predominant light chain is
CLP (but can be overcome by an excess of CaM), or if the pro-
tein is less eﬃcient as a motor due to a lack of (CLP) light
chain binding to IQ3. Further work at the structural level will
be required to elucidate the diﬀerence in the interaction of CLP
and CaM with the IQ region in Myo10, and to determine how
the Phe795 mutation aﬀects Myo10 motor function.
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